ABSTRACT. Wheat flour quality is an important consideration in the breeding and development of new cultivars. A strong association between high-molecular weight glutenin subunits (HMW-GS) and bread making quality has resulted in the widespread utilization of HMW-GS in wheat breeding. In this study, we analyzed 242 lines of wheat, including landraces from the provinces of Punjab and Baluchistan, as well as the commercial varieties of Pakistan, to determine allelic variation in the Glu-A1, Glu-B1, and Glu-D1 loci encoding HMW-GS. Higher genetic diversity was observed for HMW-GS in landraces from Baluchistan, followed by landraces collected from Punjab and then commercial varieties. Rare and uncommon subunits were observed in Glu-B1, whereas Glu-A1 was less polymorphic. However, Glu-B1 was the highest contributor to overall diversity (78%), with a total of 31 rare alleles, followed by Glu-D1 (20%) with the high quality 5+10 allele and other variants. Commercial cultivars possessed favorable alleles, potentially from indirect selection for wheat flour quality by the breeders; however, this indirect selection 4830 F. Yasmeen et al. ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (2): 4829-4839 (2015) has decreased the pedigree base of commercial cultivars. The allelic combinations, including 2*, 5+10, and 17+18, showing high quality scores were frequent among landraces, indicating their usefulness in future crop improvement and breeding programs.
INTRODUCTION
The genetic diversity for high-molecular weight glutenin subunits (HMW-GS) has been frequently utilized for wheat improvement because of its relationship with bread making quality, high polymorphism (Payne and Lawrence, 1983; Degaonkar et al., 2005; Goutam et al., 2013) , low price, and easy evaluation as compared to morphological evaluation and the use of other molecular markers . Gluten is major viscoelastic protein present in mature wheat grains and accounts for 80-85% of the total protein content in flour (Li et al., 2009 ). Gliadins and glutenins are components of gluten that significantly influence the utilization of grain in food processing (Peter et al., 2002) . The composition and amount of these components, particularly HMW-GS, are associated with dough making quality and baking quality of wheat flour (Li Vigni et al., 2013) . HMW-GS differs from low-molecular weight glutenin subunits through variations in amino acid composition and molecular weight, as the former group ranges in size from 77-160 kDa, while the latter are 23-68 kDa (Žilić et al., 2011) . Allelic variation in HMW-GS contributes to 45-70% of the variation in bread making quality of some European lines (Payne, 1987) and has also been documented in Pakistani wheat varieties (Sultana et al., 2007) .
The genes for HMW-GS are located at 3 loci, including Glu-A1, Glu-B1, and Glu-D1 on the long arms of homologous group-1 chromosome of each group (Payne, 1987) . Previous studies confirmed the presence of 2 tightly-linked genes, Glu 1-1 and Glu 1-2, at each Glu1 locus (Glu-A1, Glu-B1, and Glu-D1) encoding the x-and y-type subunits, respectively. Therefore, in common wheat, 1Ax or null subunits are encoded by Glu-A1, 1Bx, and 1By subunits by Glu-B1, while the 1Dx and 1Dy subunits are encoded by the Glu-D1 locus (Payne and Lawrence, 1983; Payne, 1987) . Electrophoretic analysis revealed that x-type subunits have high molecular weight (80-88 kDa) and low mobility, while y-type subunits have low molecular weight (67-73 kDa) and high mobility ). Payne and Lawrence (1983) published the catalogue of Glu-1 alleles and reported 3 alleles (Null, 1 and 2*) at the Glu-A1 locus, 11 alleles (7, 20, 21, 22, 7+8, 7+9, 6+8, 13+16, 13+19, 14+15, and 17+18) at the Glu-B1 locus, and 6 alleles (2+12, 3+12, 4+12, 5+10, 2+10, and 2.2+12) at the Glu-D1 locus. McIntosh et al. (2003) reported 22 alleles at the Glu-A1 locus, 56 alleles at the Glu-B1 locus, and 37 alleles at the Glu-D1 locus. However, more than 20 different HMW-GS genes have been identified and characterized. Some subunits, particularly 5+10 at the Glu-D1 locus and the 14+15 subunit pair at Glu-B1 are known to be significantly associated with greater gluten viscoelasticity and strong dough characteristics (Redaelli et al., 1997; Liu et al., 2005) . In this study, we evaluated the genetic variation at Glu1 loci linked with HMW-GS among indigenous wheat landraces collected from the provinces of Baluchistan and Punjab, as well as in commercial varieties of Pakistani origin to identify desirable alleles responsible for good bread-making quality of flour. The landraces are not common in the province of Punjab, whereas a predominance of landraces has been reported in the province of Baluchistan (Ahmad et al., 2013) ; thus, we compared diversity patterns of HMW-GS for landraces collected from the Punjab and Baluchistan provinces. Those from the Punjab province contribute to the diversity of many cereals and legumes (Khan et al., 2013) , and thus landraces from this area were collected and included in the present study to increase the understanding of Pakistani landraces.
MATERIAL AND METHODS
Among the 242 wheat lines used for biochemical analysis in the present study, 51 landraces were collected from Punjab, 122 landraces from Baluchistan, and 69 were commercial varieties. Sample collection strictly involved collection of only landraces from both provinces; the lower number of landraces from Punjab was because of the adaptation of improved cultivars in this province, whereas indigenous landraces are commonly cultivated in the province of Baluchistan, and thus a larger number was collected. Prior to the analysis, all 242 lines were self-crossed for 2 consecutive generations to ensure homozygosity. The germplasms evaluated in the present study were preserved in the gene bank of the Plant Genetic Resources Institute, National Agriculture Research Centre Islamabad. For protein extraction, the half seeds (excluding the embryo) were ground to a fine powder using a mortar and pestle. Next, 400 mL protein extraction buffer was added to 0.01 g seed flour in an Eppendorf tube and mixed thoroughly using a needle. The protein extraction buffer was composed of 0.6057 g Tris, 0.2 g sodium dodecyl sulfate (SDS), 30.3 g urea, 1 mL 2-mercaptoethanol, a small amount of bromophenol blue, 70 mL distilled water, and HCl (adjusted to pH 8.0). Bromophenol blue was used as a tracking dye for the movement of protein in the gel. Ten samples from each line were analyzed using SDS-polyacrylamide gel electrophoresis. The samples were mixed thoroughly by vortexing and centrifuged at 12054 g for 10 min, and then stored at 4°C until electrophoresis (less than 1 week).
To prepare the 11.5% separation gel, 5 mL solution A (36.3 g Tris, 0.4 g SDS, 70 mL distilled water, and HCl to adjust the pH to 8.8) was mixed with 7.6 mL solution C (30 g acrylamide, 0.8 g bis-acrylamide, and distilled water to make a volume of 100 mL), which was followed by the addition of 7.4 mL distilled water. Next, 200 mL 10% ammonium persulfate and 15 mL N,N,N',N'-tetra methylethylenediamine were added. The separation gel solution was poured into the space between 2 glass plates (to 2 cm from the top). Next, 120 mL distilled water was added to the top of the separation gel. The gel was polymerized for 30 min. The 4.5% stacking gel was prepared by mixing 2.5 mL solution B (5.98% Tris, 0.4 g SDS, and 80 mL distilled water, and the pH was adjusted to pH 7.0 using HCl, and total volume was 100 mL) with 1.5 mL solution C. Next, 70 mL 10% ammonium persulfate and 17 mL N,N,N',N'-tetra methylethylenediamine were added. The distilled water was removed from the top of the separation gel, followed by the pouring of the stacking gel solution onto the separation gel. Comb clips were fixed and the gels were polymerized.
Electrode buffer solution (3.0 g Tris, 14.4 g glycine, 1.25 g SDS, and distilled water to make a total volume of 1 L) was poured into the bottom tank of the gel apparatus. The comb and gasket seal were removed and the gel plates were fixed in the apparatus. The electrode buffer solution was poured into the upper tank. Next, 6 mL protein supernatant was loaded into the wells of the gel using a micropipette. The current was maintained at 100 mA and electrophoresis was performed until the bromophenol blue (blue line) reached the bottom of the gel (approximately 3.5 h). Three standards (Chinese Spring, Pavon, C 591) containing known HMW-GS were included for comparison and data recording. After electrophoresis, the gels were stained using a staining solution (2.25 g Coomassie brilliant blue R250, 440 mL methanol, 60 mL acetic acid, and 500 mL distilled water). The gels were shaken in the staining solution for 25 min. Destaining was carried out in a destaining solution (200 mL methanol, 50 mL acetic acid, and 750 mL distilled water). Gels were shaken gently until the background color had disappeared and the electrophoretic bands were clearly visible. The destained gel was stored in distilled water in a refrigerator and used for data recording. The gels were scanned and images were acquired. The presence of a band was scored as '1' and the absence of a band as '0' in a binary fashion. The data were analyzed for cluster analysis using the unweighted pair group method with arithmetic mean with the STATISTICA 7.0 software for Windows 7 (StatSoft, Inc., Tulsa, OK, USA). To avoid effects resulting from differences in scale, the means of each trait were standardized prior to cluster analysis for quantitative data.
RESULTS
The allelic frequency and percent polymorphism are presented in Table 1 . Landraces collected from Baluchistan showed the largest number of subunits, while commercial cultivars showed the lowest. Six subunits (2', 3, 8**, 15, 18**, and 20) were absent among the commercial cultivars and landraces from Punjab. Among all 3 loci, 2% allelic polymorphism was attributed by the A genome, 78% by the B genome, and 20% by the D genome. Considerable allelic variation in HMW-GS was observed among the 242 wheat lines with varying degrees of allelic frequencies from landraces from Punjab and Baluchistan and commercial cultivars for all 3 loci (Glu-A1, Glu-B1, and Glu-D1). Four alleles were observed in Glu-A1; among these, 1 was polymorphic. The largest number of polymorphisms was present in Glu-B1, as 31 polymorphic subunits were found among the 59 subunits (Table 1 ). The Glu-D1 also carried a large number of polymorphisms, including 8 rare alleles of 16 alleles. At the Glu-A1 locus, 3 allelic variants, a, b, and c, or 1, 2*, and Null, were observed. However, an unusual 2' allele was present in the landrace with accession number "11162" of Baluchistan origin. The frequency distribution for the 1, 2*, and Null alleles in the landraces collected from Punjab was 17.6% (9 landraces), 33.33% (17 landraces), and 47% (25 landraces), respectively. The Null type allele was abundant (60.6%) in the landraces collected from Baluchistan, preceded by the Glu-A1 "a" or 1 allele (22%) and 2* allele (16.39%).
The commercial varieties contained the 2* allele in 38 varieties (55%) followed by 1 and Null type allele, accounting for 25 and 20%, respectively. Among the landraces collected from Baluchistan, maximum allelic variation was found at the Glu-B1 locus, where 30 different alleles were reported, while landraces from Punjab contained 19 subunits or pairs of subunits at this locus. In contrast, 10 alleles were recorded at Glu-B1 for commercial varieties. Cluster-wise allelic frequencies and quality scores for landraces from Baluchistan, landraces from Punjab, and in commercial cultivars are shown in Tables 2a-2c, respectively. For the landraces originating from Punjab, the subunit 17+18 was present in 21 accessions (41.17%), and the single allele 7 was present in 8 accessions (15.68%). Subunit 17+18 is considered to be significant for dough making quality (Table 2a) . The other 17 alleles, including single subunits 16 and 9, were distributed among <4% landraces. Among commercial varieties, subunit 17+18 was observed in 25 commercial varieties with a 36.23% frequency distribution, which may be related to selection pressure in the breeding of wheat for quality. Alleles 7+9 and 7*+9 were found in 21 (30.43%) and 13 (18.84%) varieties, respectively. Alleles 7**+9, 7+8, 13+16, 7*(13+16), 7*+8, and 7+8 14 were found in single genotypes, conferring unique allelic combinations. At the Glu-D1 locus, 4 subunits 2+12 (80%), 5+10 (15.68%), 12 (1.96%), and 5 (1.96%) were observed among landraces from Punjab. Baluchistan accessions were found to have the highest diversity at this locus, as 9 different alleles were present at Glu-D1 (Table  2b) . Allele 2+12 was predominant in 69 landraces (56.55%), followed by 5+10 in 34 landraces (27.86%). Allelic variants 2+12* and 12 were observed in 6 (4.91%) and 4 (3.27%) landraces, respectively. Subunits 10, 3+12, 12*, 5+12*, and 5+12 were rare, with low frequency distributions (0.8-2.45). The commercial varieties carried less variation at the GluD1 locus, as only 3 alleles "s", "y", and "x" or 2+12, 5+10, and a single subunit of 12 were observed. Both 2+12 and 5+10 were present among 34 lines, with frequency distributions of 49.2% each, while allele 12 was present only in Chakwal 97 (Table 2c) . Table 1 . Allelic frequency of HMW-GS in bread wheat landraces and commercial varieties.
HMW-GS
Quality scores were assigned to each subunit band produced by alleles at the Glu1 loci of chromosomes A, B, and D, as defined by Payne et al. (1987) . The list of different allelic combinations and frequency distributions are shown in Table 1 . Unique or rare alleles were present in the population; as in Punjab accessions, at Glu-B1, subunits 16, 14*+9, 9(17+18), 7 **+8*, 6+7, 8(13+16), 6+9 and 7 *(7 **)+8 were resolved besides single subunit 5 at Glu-D1. Accessions from Baluchistan presented the highest number of rare subunits, including 2' at GluA1 and 7*+8(8 **), 7(7 *)+9, 8*, 7+8*, 7+8**, 7 **+9, 7(7**)+9, 13, 7**+8**, 8**(17+18), 14+15, 6 (14+15), 7(14+15), 20, 7(7*)+8, (8*,7+9), 8*(7*+9), 6(17+18), and 17 at Glu-B1, and 3+12, 2+12*, 10, 12*, 5+12*, and 5+12 at Glu-D1, which were absent in the commercial varieties and Punjab based accessions. Commercial varieties exhibited unique allelic variants only at Glu-B1, including 7 **+9, 7+8(8*), 14, and 7* (13+16). To clarify the genetic diversity of HMW-GS among wheat germplasms evaluated in the present study, separate cluster analysis of landraces from Punjab, Baluchistan, and commercial varieties was performed. Germplasms were classified into various groups and subgroups comprising single genotypes or biotypes based on allelic similarity. Two landraces from Punjab (18701 and 11361) exhibited high quality values for viscoelasticity and bread making quality. Similarly, the high quality 5+10 subunit along with other good quality subunits were observed in 5 landraces (11298, 13190, 11198, 11530 , and 11307) collected from Baluchistan, which conferred 10 quality scores to these accessions. Among the commercial cultivars, the high quality allelic combination (17+18 and 5+10) was reported in 8 cultivars, including Parwaz 94, Seriab 92, Sarsabz, Soughat 90, Tandojam 83, SH-2002, Abadgar 93, and Shafaq 2006 . The cultivar "Pasban 90" showed a high quality score, but the allelic combination was 13+16 and 5+10. Thirty-four commercial cultivars of 69 contained the 5+10 allele at the Glu-D1 locus; therefore, these have high scores regarding bread making quality. Unlike landraces, low-scoring subunits (7, 6+8, 3+12, and 2+12) were not found frequently in commercial cultivars. However, several good quality alleles, including 7+8, 7+9, and 5+10, were observed in landraces of both Punjab and Baluchistan origin.
DISCUSSION
Indigenous wheat landraces and commercial cultivars possessed allelic variation/ combinations for HMW-GS that indicated the uniqueness of wheat germplasms originating from Pakistan (Khalid et al., 2013) . Previously, wheat landraces collected from the province of Baluchistan were reported to have unique protein subunits (Tahiru et al., 1995) ; thus, we evaluated the high number of landraces collected from this province to obtain a clear understanding of HMW-GS diversity for documentation and for future utilization (Sajjad et al., 2012) . The comparison of diversity for HMW-GS among landraces collected from Punjab and Baluchistan revealed that some unique novel bands were observed in landraces originating from Baluchistan. This province has a unique agro-geographic position and is one of the centers of diversity for cereals. The abundance of the Null allele at GluA1 in landraces was in stark contrast with the findings of Tabasum et al. (2011) ; however, these authors examined a smaller number of landraces, and genetic diversity may also be responsible for the deviation observed. Nevertheless, Lagudah et al. (1987) reported the Null allele as predominant over 1 and 2* in landraces. Elfatih et al. (2013) Table 2 . Continued.
C. Commercial cultivars of bread wheat among 62 durum wheat accessions. Among the 242 accessions, the Glu-B1 locus displayed higher variation than did Glu-A1. It has been reported that landraces had a larger number of polymorphisms in HMW-GS than in commercial cultivars (Wang et al., 2013) , which is related to the unexplored genetic potential for the wheat genome. Allelic variant 2* was observed in a high proportion among indigenous wheat landraces, which was associated with better wheat flour quality (Laidò et al., 2013) . More than half of the commercial cultivars carried this allele, indicating that breeders rigorously selected wheat cultivars with better quality that were indirectly coupled to the 2* allele (He et al., 2013) . Ribeiro et al. (2013) analyzed the Portuguese wheat landrace 'Barbela' and reported a new x-type HMW-GS encoded at the Glu-A1 locus that was named 1Ax1.1. Lan et al. (2013) reported low-molecular weight glutenin subunits as the major components of glutenins, which were considered to be important for the end-use quality of wheat; however, Kaur et al. (2013) reported the physico-chemical and rheological properties of Indian wheat cultivars varying in HMW-GS. Pompa et al. (2013) reported that the gluten composition and expression influenced dough properties and were cultivar-and environment-dependent. Additionally, the cultivar Simeto was the most stable across environments.
The maximum variation in the number of both alleles and polymorphisms was observed at the Glu-B1 locus, particularly among landraces collected from Baluchistan. This has also been reported previously by McIntosh et al. (2003) , who identified 56 alleles in Glu-B1, whereas Sultana et al. (2007) , who examined the genetic variability of Pakistani wheat based on polymorphisms in HMW-GS, reported 3 allelic variants (Null, 1 and 2*) at the Glu-A1 locus, 9 [7+8, 7*+8, 7(7*)+8, 7+9, 7*+9, 14, 13+16, 17+18, and 20] at the Glu-B1 locus, and 3 allelic variants (5+10, 2+12, and 2**+12'] at the Glu-D1 locus in accordance with the descriptions of Payne and Lawrence (1983) and Marchylo et al. (1992) . These results were in agreement with our studies; however, allele 2**+12ꞌ was not present in our germplasm. A large number of rare alleles was reported, which were confirmed by the findings of Branlard (2003) , Tabasum (2011), and Dessalegn (2011) . Several novel HMW-GS alleles, such as 7*, 7**, 8*, and 8** (Liu et al., 2007) , were detected in the present study and have also been detected in Chinese wheat landraces.
The novel alleles observed in the landraces, particularly those collected from Baluchistan, may have formed following the introduction of rare mutations (Costa et al., 2013) . As this material was not previously evaluated for HMW-GS, determining the quality score of these subunits is important (Goutam et al., 2013) . The low quality scores of the Pakistani commercial wheat varieties are in accordance with the expectations, as most breeding programs involving wheat in the country have focused on yield improvement (Zhong-hu et al. 1992 ). The present results indicate that the development of commercial varieties has reduced the genetic diversity of wheat in terms of HMW-GS, as lower genetic diversity in commercial varieties was observed. However, this is mainly because of the selection pressure for economic traits, including yield and quality. This result is consistent with those of previous studies by Atanasova et al. (2009) and Morgunov et al. (1993) . These findings are in contrast to those of Hirano et al. (2008) , who showed that the introduction of high-yielding varieties did not reduce the genetic variability of landraces of wheat in Pakistan. However, Hirano et al. (2008) studied a small population of landraces, which was not sufficient to draw a valid conclusion. In addition to the presence of high quality allele 5+10 in local landraces, other favorable alleles were identified in the Baluchistan and Punjab accessions. Because most wheat breeding programs used 5+10, subunits 17+18, 13+16, and 14+15 should also be used, as they have a positive influence on the grain quality indices of wheat. As a result, genetic diversity as well as end-use quality would improve (Liu et al., 2007) . The exploration of diversity in available genetic stocks and quality associated with favorable alleles is important, and can be effectively utilized to develop new cultivars and improve crops.
